Toxoplasma gondii and malaria parasites contain a unique and essential relict plastid called the apicoplast. Most apicoplast proteins are encoded in the nucleus and are transported to the organelle via the endoplasmic reticulum (ER). Three trafficking routes have been proposed for apicoplast membrane proteins: (i) vesicular trafficking from the ER to the Golgi and then to the apicoplast, (ii) contiguity between the ER membrane and the apicoplast allowing direct flow of proteins, and (iii) vesicular transport directly from the ER to the apicoplast. Previously, we identified a set of membrane proteins of the T. gondii apicoplast which were also detected in large vesicles near the organelle. Data presented here show that the large vesicles bearing apicoplast membrane proteins are not the major carriers of luminal proteins. The vesicles continue to appear in parasites which have lost their plastid due to mis-segregation, indicating that the vesicles are not derived from the apicoplast. To test for a role of the Golgi body in vesicle formation, parasites were treated with brefeldin A or transiently transfected with a dominant-negative mutant of Sar1, a GTPase required for ER to Golgi trafficking. The immunofluorescence patterns showed little change. These findings were confirmed using stable transfectants, which expressed the toxic dominant-negative sar1 following Cre-loxP mediated promoter juxtaposition. Our data support the hypothesis that the large vesicles do not mediate the trafficking of luminal proteins to the apicoplast. The results further show that the large vesicles bearing apicoplast membrane proteins continue to be observed in the absence of Golgi and plastid function. These data raise the possibility that the apicoplast proteome is generated by two novel ER to plastid trafficking pathways, plus the small set of proteins encoded by the apicoplast genome.
Introduction
Toxoplasma gondii is an obligate intracellular protozoan parasite belonging to the phylum Apicomplexa, which also includes the malaria parasite Plasmodium falciparum. T. gondii, one of the most successful known parasites, infects one-third of the world's human population and its ability to differentiate into quiescent bradyzoite cysts leads to lifelong persistence [1, 2] . While infection of immunocompetent hosts is often asymptomatic, T. gondii has been recognized as a major pathogen of immunocompromised patients, i.e. transplant recipients or those with HIV/ AIDS, as well as being vertically transmitted to the fetus from recently infected mothers. Indeed, T. gondii is the causative agent of both toxoplasmic encephalitis, the most common cause of focal brain lesions in people with HIV/AIDS, and congenital toxoplasmosis, a leading cause of neurological birth defects in children. Insights leading to new therapeutic options are needed since available drugs can have serious side effects.
Among the characteristics of many Apicomplexa is the presence of a unique organelle, the apicoplast. It is a non-photosynthetic plastid acquired by secondary endosymbiosis from an alga, i.e., a secondary plastid. The apicoplast is the site of several anabolic pathways including iron-sulfur cluster biosynthesis, lipoic acid synthesis [3] , part of the heme biosynthesis pathway [4] , type II fatty acid synthesis [5] , and the non-mevalonate pathway of isoprenoid biosynthesis [6, 7] . The last pathway is found in apicoplasts of all species, is essential to the parasites (although not necessarily in all developmental stages), and is absent from animal hosts. Interference with apicoplast DNA replication [8] or translation [9, 10] , as well as inhibition of certain apicoplast metabolic functions [5, 6] , is lethal for T. gondii and Plasmodium. Thus the organelle is a potential target for the development of novel drugs.
The apicoplast's small genome (35 kb) encodes primarily RNAs and proteins important for the propagation of the organelle. Hence most plastid functions are fulfilled by numerous nucleusencoded proteins. These are typically imported into the apicoplast lumen by virtue of an N-terminal bipartite sequence which is composed of a signal peptide and an adjacent transit peptide (signal+transit, S+T). Proteins destined for the lumen of the apicoplast, such as acyl carrier protein (ACP), are first imported into the endoplasmic reticulum (ER), where the signal sequence is cleaved and then transferred to the apicoplast via an unknown mechanism. There the transit peptide is removed. Several lines of evidence indicate that targeting of apicoplast luminal proteins bypasses the Golgi body. First, it is resistant to the Golgi inhibitor brefeldin A (BFA, which blocks COPI coat assembly leading to collapse of Golgi body to the ER) [11, 12] . Second, targeting is resistant to low temperature treatment which disrupts ER to Golgi trafficking [11] . Finally, apicoplast luminal proteins bearing a sequence that mediates retrieval of proteins from the Golgi back to the ER were still localized to the apicoplast, indicating that the protein did not encounter the Golgi-localized retrieval receptor [11, 12] .
The apicoplast is a product of secondary endosymbiosis and, as such, is surrounded by four membranes. The inner two are presumably homologous to chloroplast membranes; the third or periplastid membrane likely originated from the algal plasma membrane and the outer membrane is thought to have arisen from an endocytic membrane from the apicomplexan progenitor. Proteins residing in the membranes or intermembrane spaces of the apicoplast appear to fall into two categories: those that possess S+T targeting sequences and those that do not. Examples of those which bear a S+T sequence include Tic20 [13] and Tic22 [14, 15] (components of the import apparatus) and PfiTPT (a transporter of the P. falciparum apicoplast innermost membrane) [16] , as well as some proteins of the periplastid space or membrane such as components related to the ER-associated degradation machinery (e.g., Ufd1 and Der1-related proteins) [14, [17] [18] [19] . Those that lack a canonical targeting sequence include two non-luminal proteins recently identified in a systematic screen [20] , as well as three membrane-associated proteins that have been examined in some detail: the protease FtsH1 [21, 22] , the thioredoxin ATrx1 [23] , and the transporter APT1 [24, 25] . FtsH1 is a 1250 aa protease with a single transmembrane domain that is processed at both Nand C-termini. ATrx1 is a peripheral membrane protein that possesses a signal anchor sequence and is N-terminally processed, removing the anchor. In contrast, APT1 is a polytopic membrane protein that undergoes no detectable processing. In addition to being present at the apicoplast, immunoelectron microscopy has detected each of these proteins in large vesicles (V ap ), which are recognized as apparent vesicles and tubules in immunofluorescence analysis (IFA) [22] [23] [24] . V ap are not artifacts of overexpression since they can be seen in untransfected cells using a monoclonal antibody (mAb) to ATrx1 [23] . The apicoplast division cycle has been described by Streipen et al. [26] . In stage 1, the round plastid is associated with the centriole (early G1). In stage 2, the plastid becomes ovoid, remaining associated with the now-duplicated centrioles. In stage 3, it elongates and approaches the nucleus (late G1 to S), forming a U-shape in stage 4. By stage 5, the apicoplast has divided and mitosis is underway, and at stage 6, mitosis is complete. In stages 2-4 of the apicoplast division cycle as described, V ap become prominent. In some immunoelectron microscopy images, V ap are observed very close to or merging with the apicoplast [23] . Others have shown that V ap and the apicoplast bear phosphatidylinositol 3-phosphate (PI3P) and that overexpression of a PI3P binding protein leads to loss of the apicoplast [27] . Additionally, mutations in APT1 that block targeting to the apicoplast also block APT1 recruitment into V ap . Based on these findings, we [24] and others [27] have suggested that V ap are transport vesicles, which serve to move at least a subset of apicoplast membrane proteins to the organelle. However, it is possible that the V ap represent degradation intermediates originating from the apicoplast or persistent structures originating from the ER or Golgi body. Here, we will refer to this group of apicoplast proteins found abundantly on V ap as ApV proteins. Three hypothetical routes for ApV protein transport to the apicoplast have been proposed: (i) transit in vesicles first to the Golgi body and then to the apicoplast, following the typical route for secretory proteins; (ii) direct flow from the ER to the apicoplast via continuous membrane; (iii) transport in vesicles directly from the ER to the apicoplast. Here we probe the relationship of the Golgi body and V ap pharmacologically using BFA and genetically via expression of a dominant-negative mutant of SAR1, the GTPase that initiates ER to Golgi trafficking. V ap persisted despite these treatments. These studies suggest that recruitment of ApV proteins into V ap may be Golgi-independent. Additionally our studies show that luminal proteins are largely absent from V ap .
Results

A luminal marker protein does not traffic via V ap
When expressed from their cognate promoters, FtsH1, ATrx1 and APT1 [22] [23] [24] have been observed in V ap , large electron dense vesicles near the apicoplast, suggesting that these proteins may travel to the apicoplast via a vesicle trafficking pathway. In contrast, previous studies have not revealed vesicles bearing luminal proteins. However, most of these studies employed heterologous promoters with different timing of expression, raising the possibility that some normal trafficking pathways might not be readily detected. We hypothesized that luminal S+T bearing proteins may travel to the plastid in V ap , and that these trafficking intermediates could be detected when expression was driven by a promoter of a gene encoding an apicoplast luminal protein (these genes are coordinately expressed along with genes encoding apicoplast membrane proteins [28] ). For these studies we chose the ACP promoter for the luminal marker. It drives expression with the same temporal pattern as APT1, although the ACP mRNA expression level is about 4-fold higher (Fig. S1 ) ( [28] and ToxoDB). The ATrx1 mRNA shows two closely spaced peaks, the second of which corresponds to peak expression of ACP and APT1. We carefully examined the staining pattern of a luminally targeted Heteractis crispa red fluorescent protein tagged with V5 epitopes ( S+T Red-V5) (Fig. 1) . We used antibodies to the V5 epitope to enhance the signal as compared to intrinsic fluorescence and to detect protein that had not yet matured to its fluorescent form [29] . V ap were revealed by detection of epitope-tagged APT1 or ATrx1 expressed using their cognate promoters (see Methods for description of tagged proteins). The populations examined contained a mix of parasites at different stages of the apicoplast division cycle ensuring detection of co-trafficking, should it exist (for example in the analysis of APT1-HA and S+T Red-V5, the populations averaged: 30% stage 1+2, 13% stage 3+4 and 7% stage 5+6).
S+T Red-V5 was prominently observed at the apicoplast as a dot surrounded by the membrane proteins or in an elongated bead and tubule appearance interspersed with the membrane proteins, as previously detailed [24] . When we rescaled the signal to search for dimly stained objects, no additional structures were revealed in 80% of the parasites (Fig. 1A) . In 20% of parasites bearing V ap (Fig. 1B) we observed faint perinuclear S+T Red-V5 staining, characteristic of the ER, suggesting the presence of newly synthesized S+T Red-V5. Commensurate with the ER staining, this population was enriched for parasites earlier in the apicoplast division cycle when plastid proteins are beginning to be synthesized, since almost all were stage 1 or stage 2 (.95%). These cells had occasional spots of slightly more concentrated fluorescence signal and most of these coincided with foci staining Figure 1 . V ap are not major vehicles for luminal protein trafficking to the apicoplast. For IFA analysis here and elsewhere unless indicated, proteins were detected by mAbs directed against epitope tags followed by fluorochrome-coupled secondary antibodies as described in Methods. In this case, the apicoplast membrane proteins were detected anti-HA mAb was followed by FITC-coupled secondary antibodies and S+T Red-V5 was detected by anti-V5 mAb followed by Texas Red-coupled antibodies to bypass the need for maturation of the HcRed chromophore. Here, as in other figures, the color coding for merged images is indicated by the text color above the merged images, while dashed lines mark the outline of the parasite. In this experiment, the parasites co-expressed S+T Red-V5 driven by the ACP promoter and epitope-tagged ApV proteins APT1-HA or ATrx1-HA. A) IFA showing the pattern seen in about 80% of parasites with ATrx1-HA in V ap (arrows) near the apicoplast. One set of anti-V5 images is scaled normally and the second is scaled to detect fainter signals (the staining at the apicoplast is then saturated). No evidence of localization of the luminal marker for APT1 or ATrx1. However, the converse was not true: the majority of APT1 + or ATrx1 + V ap within these same cells did not co-stain for the luminal protein.
We quantified our observations by examining the average signal of the luminal marker protein S+T Red-V5 and the ApV protein ATrx1 at the apicoplast, at V ap (as defined by ATrx1), and at adjacent non-apicoplast control regions (Fig. 1C) . Background signals in each channel were determined by assessing average fluorescence in co-cultured wild type RH parasites (see Materials and Methods). We determined that the average ATrx1 and S+T Red-V5 signals at the apicoplast were 5 and 12.4 times that of the RH background respectively while the signals for adjacent regions were very close to background (1.0 and 0.9 times background respectively). The mean ATrx1 signal corresponding to V ap was about 50% of that seen at the apicoplast. In contrast, in those same regions, the S+T Red-V5 signal represented a much lower fraction of that seen at the apicoplast (10%), hovering at the background level. This difference is not an artifact related to differential stability of the two proteins, as pulse-chase analysis showed they have similar half-lives (Fig. S2) . These results suggest that even though integral and peripheral membrane proteins can sometimes co-localize outside the apicoplast to apparent V ap , V ap are not the main mode of transit for the luminal marker protein S+T Red-V5. This work does not rule out the trafficking of apicoplast proteins via small vesicles which would not be resolved by deconvolution microscopy and could be spread over a large area of the cell. If such vesicles are short-lived (rapidly fuse with their destination membrane), it is doubtful that they would be detected as a significant signal even as a ''fuzz'' above background. Our previous findings showed that trafficking S+T Red-V5 from the ER to the apicoplast was rapid, being mostly complete by 10 minutes [11] . This inability to detect luminal proteins contrasts with the ready detection of other proteins of the non-luminal apicoplast compartments in V ap [22, 23] . For example, Tic22, a protein of the innermost intermembrane space co-localized with ATrx1 in these structures, as did Der1-ap, a protein of the periplastid membrane (Fig. S3) .
To further compare ApV proteins to luminal proteins, we examined their localization in T. gondii lacking an apicoplast. These parasites were generated by using a ''poison'' construct described by He et al. [30] , which encodes a chimeric protein composed of an apicoplast targeting sequence fused to YFP followed by the mature domain of the rhoptry protein Rop1 ( S+T YFP-ROP1). In previous studies, it was shown that the chimeric protein targets to the apicoplast and disrupts plastid segregation, often resulting in parasitophorous vacuoles containing one cell with a large plastid and several cells apparently lacking apicoplast luminal proteins as well as the apicoplast genome [30] . The plasmid was transiently transfected into cells expressing a red fluorescent luminal protein marker ( S+T Red or S+T Red-V5) along with tagged ApV proteins ATrx1 or FtsH1. Our analysis focused on those vacuoles with strong expression of the chimeric protein in only one parasite. There was a marked difference in the fate of the luminal and ApV proteins in cells lacking an apicoplast (Fig. 2) . As expected, the apicoplast luminal marker partitioned with the chimeric protein and these were either localized together typically at the apicoplast (but occasionally at the residual body), or not detected at all by intrinsic fluorescence. Using anti-V5 antibody to visualize S+T Red-V5 prior to chromophore maturation additionally revealed the protein in a faint ER-like pattern in some cells ( Fig. 2A, ' 'enhanced''), suggesting continued S+T Red-V5 production. This pattern appeared to be somewhat more frequent in parasites that lacked an apicoplast, although the difference from control was not statistically significant. ATrx1 and FtsH1 on the other hand accumulated in structures apical to the nucleus (examples indicated by arrows), similar to the V ap seen in the cells with an apicoplast (Fig. 2B, C) . Quantitative analysis of progeny of parasites expressing the chimeric construct showed that only about 20% stained for the luminal marker (Fig. 2D) . In contrast almost all parasites had V ap as revealed by ATrx1 or FtsH1 markers, whether or not the vacuoles were positive for the chimeric protein.
These findings corroborate a previous study in which the apicoplast was rapidly eliminated but V ap retained following expression of a PI3P-binding protein [27] . Taken together, the above data supports the possibility of two trafficking pathways: one for luminal proteins and one for ApV proteins. Furthermore, the similar abundance of V ap bearing ATrx1 and FtsH1 in cells with and without an apicoplast indicates that V ap do not arise from apicoplast.
Relationship of V ap to the Golgi body
It is unknown whether ApV proteins follow a Golgi-independent pathway (similar to apicoplast luminal proteins) or whether they transit the Golgi, as seen for other proteins that exit the ER. If ApV proteins were to pass through the Golgi body, we might detect their presence in the organelle. While previous immunoelectron microscopy studies did not show evidence of localization of these proteins to the Golgi [22] [23] [24] , those studies were limited by the number of relevant images analyzed. However, other studies were able to detect colocalization of the microneme proteins MIC2 and M2AP with the Golgi protein Rab51 as the former transit the Golgi body [31] . Here, we looked for colocalization of FtsH1 and the Golgi stacking protein, GRASP55 [32] . As seen in earlier work [33] , the apicoplast and Golgi body are usually in close proximity. In some cells no overlap of the signal for the two proteins was visible. However, we often observed closely abutting or weak partial overlap of the two proteins and occasionally stronger signal overlap (Fig. 3A) . To assess the functional significance of the overlap, we treated the intracellular parasites with BFA to disrupt the Golgi body. The Golgi membrane marker NST1 [25, 34] , was distributed back to the ER after addition of BFA ( Fig. 3B ), demonstrating effective inhibition of ER-Golgi transport, while the Golgi stacking protein GRASP55, which is relatively resistant to BFA, maintained its position in the cell (Fig. 3A) as seen by others [32] . The pattern of overlap between FtsH1 and GRASP55 was maintained following BFA treatment ( Fig. 3C ), indicating that the observed overlap is likely not functional but rather reflects the closely juxtaposed positions of the organelles. Thus these experiments provided no indication that FtsH1 transiently inhabits the Golgi body.
ApV proteins could transit very rapidly through the Golgi body, thus escaping steady state detection. We therefore examined in detail the effect of BFA treatment on the presence of V ap . If V ap represented ER to Golgi or Golgi to apicoplast intermediates, we would expect that a block of Golgi function would inhibit their formation. Although the Golgi marker NST1 relocalized to the ER within 15 min of the application of BFA (not shown), the drug might not affect the trafficking of previously formed Golgi to apicoplast intermediates. Thus, we aimed to incubate the parasites in drug as long as possible to allow pre-existing V ap to arrive at their destination while still allowing protein synthesis to generate new V ap cargo. Protein synthesis, assessed by 35 S-methionine labeling of three proteins (FtsH1, the microneme protein MIC5, and cytosolic GFP), continued robustly for 1.5 hour after application of BFA, being very similar to the untreated control (Fig. 4) . Subsequently, protein synthesis dropped precipitously in the BFA-treated parasites. Therefore we chose a 1.5 hour treatment with BFA for our IFA studies. Intracellular T. gondii expressing either epitope-tagged FtsH1 or ATrx1 were incubated with or without BFA and analyzed by IFA. We determined the proportion of vacuoles with parasites showing vesicles bearing the tagged proteins in BFA treated and control samples. Examples of such cells are shown in Fig. 5A and the quantitative analysis is shown in Fig. 5C . In these experiments, at the times chosen for analysis, a larger percentage of parasites were at stages 2-4 of the apicoplast division cycle [26] as compared to our previous studies [22, 23] , accounting for the higher percentage of parasites bearing V ap . Parasites bearing FtsH1 and ATrx1 marked vesicles were observed in both control and BFA treated samples (Fig. 5A ) even though the BFA treatment triggered re-distribution of NST1 from the Golgi body to the ER (Fig. 5B) . After 1.5 hour in BFA, only a small reduction of the proportion of vacuoles showing V ap was observed as compared to the untreated control (Fig. 5C ). Since protein synthesis continues to be high within this period, newly synthesized ApV proteins must have accumulated in many parasites. However, these markers were not observed in a dispersed or perinuclear pattern as would be expected if they were retained in the ER upon Golgi disruption, as seen for other systems such as the trafficking of the plasma membrane protein VSV-G in CHO cells [35] . Thus V ap persist and may continue to be formed in the absence of Golgi body function. As expected from the drop in protein synthesis, prolonged treatment with BFA (e.g., 4 hours) led to a dramatic decrease in V ap (not shown). FtsH1 is proteolytically processed at the N-terminus in the ER and then at the C-terminus around the time it reaches the apicoplast [21] . We therefore tested whether processing was occurring normally in the presence of BFA. If newly synthesized protein is retained in the ER, we would expect near-complete Nterminal processing as was seen with an ER-trapped FtsH1 mutant [21] , but no C-terminal processing. Pulse-chase analysis (Fig. 6) showed that in presence of BFA, the N-terminus of FtsH1 was processed, but not to completion, suggesting that some molecules were inaccessible to the ER-associated processing machinery. Additionally, as discussed later, the C-terminus was not processed. Immunoblot analysis demonstrated that the total amount of FtsH1 with an intact C-terminus was not significantly increased in the 1.5 hour BFA treatment, most likely because most of the FtsH1 in the population was processed prior to the BFA treatment.
To further probe the relationship of V ap to the Golgi body, we complemented the BFA studies with a genetic method to disrupt Golgi function. The small GTPase Sar1 plays an essential role in vesicular trafficking between the ER and the Golgi, and a dominant negative form of Sar1 has been shown to disrupt ER to Golgi trafficking in other systems [36] [37] [38] [39] . Cycling between cytosolic and membrane-associated pools, Sar1 accumulates at ER exit sites, where insertion of its N-terminal a-helix initiates vesicle budding [40, 41] . In mammalian cells, Sar1 is localized uniformly across the ER membrane aside from some accumulation at ER exit sites [42, 43] . In P. falciparum, PfSar1p tagged with GFP at either the N-terminus or the C-terminus is associated with the ER throughout the erythrocytic cycle [44] . Sar1 is conserved in T. gondii, including the residue typically mutated to create a dominant negative form (histidine 74 in the T. gondii sequence) [45] . We generated T. gondii sar1(H74L) and fused the coding sequence, as well as wild type (wt) SAR1, to GFP. Constructs were transiently transfected into parasites expressing various markers for the Golgi body and apicoplast. Parasites expressing sar1(H74L)-GFP showed a delay in replication; therefore we examined the location of the above proteins at 11 hours post-transfection when all vacuoles contained one parasite. SAR1-GFP partially colocalized with the ER-resident protein BiP [46] and with GRASP55 (Fig. S4) , as well as showing a diffuse staining which may represent the cytosolic pool. In contrast sar1(H74L)-GFP is locked at the Golgi body, colocalizing with GRASP55 (Fig. S4) . This localization is different from what has been observed in mammalian cells where the corresponding mutant is localized at clustered ER exit sites [47] . The overexpression of SAR1-GFP did not alter the trafficking of NST1 to the Golgi body suggesting that the secretory pathway was not disrupted by overexpression of the wt protein (Fig. 7B) . In contrast, expression of sar1(H74L)-GFP disrupted NST1 targeting, such that the protein was observed in a reticular structure characteristic of the ER (Fig. 7B) . Turning to the trafficking of ApV proteins, overexpression of either SAR1-GFP or sar1(H74L)-GFP led to the same effect: V ap bearing ATrx1 and FtsH1 continued to be observed (Fig. 7A ) Figure 3 . Overlap between FtsH1 and GRASP55 does not reflect FtsH1 protein in the Golgi body. A) Parasites were incubated with or without 1 mg/ml BFA for 1 hour at 37uC. T. gondii co-expressing the Golgi matrix marker GRASP55-YFP and FtsH1 internally tagged with V5 epitopes were stained with anti-V5 mAb followed by secondary antibody coupled to DyLight 649 and Texas Red streptavidin (which detects a naturally biotinylated protein in the apicoplast lumen, AP lumen). Bar, 2 mM. B) Parasites expressing the Golgi membrane protein NST1-HA (detected with anti-HA mAb coupled to Alexa 594) served as the control, demonstrating the effectiveness of BFA. Bar, 2 mM. C) Quantitative analysis of signal overlap between internally tagged FtsH1 and GRASP55 in the presence or absence of BFA. More than 50 parasites were analyzed for each condition (see Methods). doi:10.1371/journal.pone.0112096.g003
We were unable to obtain stable transfectants expressing sar1(H74L)-GFP upon selection and so developed an approach to conditionally overexpress the mutant or wt protein making use of the di-CRE system [48] that was recently applied to T. gondii [49] . Constructs were prepared in which wt or mutant SAR1 fused toYFP was separated from the TUBA promoter by a segment of DNA encoding a red fluorescent protein flanked by loxP sites. After stable transfection into parasites expressing two inactive fragments of the Cre recombinase (DiCre) [49] , assembly of functional CRE was initiated by the addition of rapamycin (Fig.  S5A ). This treatment should lead to the excision of the DNA between the loxP sites and hence juxtaposition of the promoter and the SAR1/sar1-YFP fusion genes. The fusion proteins migrated according to the expected molecular mass on SDS-PAGE (Fig. S5B) , although the H74L mutant was expressed to lower levels. Localization of the wt and mutant fusion proteins corresponded to those seen in transient transfectants (Fig. S5D) . The percentage of parasites expressing the SAR1/sar1 fusion proteins in clonal lines increased gradually over 24 hours, when 70-80% showed visible expression (not shown). We observed cellular abnormalities such as lack of elongation of the inner membrane complex and aberrant micronemes (as revealed by Mic10) within 13 hours of rapamycin addition to induce sar1(H64L); small cells began to appear by 16 hours and by 24 hours the majority of cells were shrunken (not shown). These sar1(H64L) + parasites were lost upon cultivation (Fig. S4C) . Hence we aimed to use the earliest times possible for analysis to avoid secondary affects.
At 8 hours after rapamycin treatment, in those cells where the sar1(H74L) fusion protein was detected Golgi function was not yet compromised, while at 11 hours disruption of NST1 localization to the Golgi body was evident (Fig. S5D) . We therefore examined parasites for V ap 11 hours after rapamycin induction. Approximately 75% of those parasites expressing the wt SAR1 protein showed V ap , while 60% of parasites expressing sar1(H74L) did ( Fig. 7C and Fig. S5E ). This modest decrease in V ap in the parasites expressing the dominant negative sar1 was paralleled by an increase in parasites showing ER localization of ATrx1. However, it is unclear whether ER retention of ATrx1 in this population is a primary effect of Golgi disruption. Because of the gradual onset of detectable expression and the pleiotropic effect of Sar1 disruption, biochemical studies were not pursued.
Discussion
The work described here adds to the understanding of the trafficking of apicoplast proteins in several ways. First, it demonstrates that the luminal marker protein travels to the apicoplast by routes largely independent of the pathway generating V ap . It shows that the presence, and possibly the formation of V ap , does not require an intact Golgi body. Finally it supports work suggesting that V ap are not derived from the apicoplast [27] by revealing their continued presence several cell generations after plastid loss. The persistence of V ap in such parasites indicates that a retrograde pathway is not required for their formation.
Relationship of V ap to the Golgi body
Precedents exist for protein trafficking from the ER to organelles but bypassing the Golgi body, such as pathways generating the bounding membranes of lipid droplets [50, 51] and peroxisomes. However, in Euglena (which arose from a separate evolutionary lineage from the apicoplast) and in Gonyaulax (which is thought to be in the same lineage as the apicoplast), proteins clearly transit the Golgi body to reach the secondary plastid [52] [53] [54] . While a recent study suggested that a Plasmodium thioredoxin peroxidase reaches the apicoplast via the Golgi body [55] , trafficking of most luminal proteins to the apicoplast appears to be Golgi-independent [11, 12] . We therefore assessed potential Golgi involvement in V ap and membrane protein trafficking. Although fluorescence microscopy images of T. gondii apicoplast proteins and Golgi stacking protein GRASP55 often had partially overlapping signals, we showed that such overlap is maintained even when the Golgi body membranes and contents were relocalized to the ER by treatment with BFA. Thus, this apparent colocalization simply reflects the close juxtaposition of the organelles and does not imply intersection of V ap proteins with the Golgi during trafficking. To more directly test the role of the Golgi body, we used both the chemical inhibitor BFA and the genetic inhibitor sar1(H74L) to disrupt Golgi function. In both cases, we observed V ap in the treated cells, indicating that they either persist or continue to be formed when Golgi body function is abrogated. Longer term Golgi disruption does lead to loss of Figure 4 . Protein synthesis during BFA treatment assessed by biosynthetic labeling of FtsH1, MIC5 and cytosolic GFP. Fibroblast monolayers infected with T. gondii expressing FtsH1 tagged internally with V5 epitopes and a cytosolic GFP (,10 8 ) were pre-incubated with or without BFA (1 mg/ml) for the indicated times prior to being labeled with 35 S-methionine/cysteine for 30 minutes. Samples were immunoprecipitated with anti-V5 mAb, anti-GFP, and anti-MIC5 before being separated on 7.5% (FtsH1) or 8-16% (GFP and MIC5) SDS-PAGE gels and transferred to nitrocellulose. The left panel shows phosphorimaging, the right panel shows the same lanes detected by Western blot. The four major forms of FtsH1 are marked according to their apparent molecular mass on SDS-PAGE: full-length (F-170), N-terminally processed (NP-154), C-terminally processed (CP-140) or dual processed (NPCP-115). In a 30 min labeling, the first two forms predominate [21] . The precursor (p) and mature (m) forms of MIC5 [75] V ap (4 hours of BFA treatment, from which parasites cannot recover), although by that time numerous cellular organelles and activities, including protein synthesis, have been compromised.
While the microscopic studies do not support a role for the Golgi body in ApV protein trafficking, changes in FtsH1 processing following BFA treatment complicate the issue. Processing of the N-terminus, which occurs in the ER, is reduced (especially as compared to an ER-trapped mutant FtsH1 [21] ) and C-terminal processing, thought to occur at the apicoplast, is blocked. Regarding the former, if the formation of V ap does not require the Golgi body, FtsH1 could continue to be packaged into V ap in the presence of BFA, thereby escaping the ER-associated processing activities. Alternatively ER-associated processing activity could be swamped by the presence of fortuitous substrates made available by BFA inhibition of secretory trafficking to the Golgi body. The lack of C-terminal processing suggests that no FtsH1 reaches the apicoplast, but other explanations cannot be ruled out. For example, the ACP transit peptide is not cleaved upon BFA treatment even though the protein co-localizes with the apicoplast [11] (although in P. falciparum transit peptide cleavage continued following similar treatment [12] ). The collapse of the Golgi body could enable proteins bearing (fortuitous) weak apicoplast targeting sequences to localize to the plastid, where they could inhibit or overwhelm processing enzymes. Alternatively, BFA could inhibit a later step in FtsH1 trafficking. For example, in diatoms (which also possess secondary plastids) BFA treatment results in the accumulation of plastid proteins in a structure at the plastid boundary as visualized by fluorescence microscopy [56] .
Function of V ap
To test whether V ap bear apicoplast luminal proteins in addition to ApV proteins, we examined the potential colocalization of marker proteins driven by apicoplast gene promoters, using conditions facilitating detection of the luminal marker S+T Red-V5. Most V ap lacked signal from the luminal marker altogether. In the occasional cases where we could detect colocalization of the luminal marker and ApV proteins in structures microscopically distinct from the apicoplast, the relative signal of the luminal marker compared to the apicoplast was much lower (10%, just above background) than that of the canonical ApV protein ATrx1 (50%). In parasites lacking a plastid, the ApV proteins accumulated in structures near the site where the apicoplast is usually found, but the luminal marker was not detected in those structures. Thus trafficking of the luminal marker protein, and most likely other luminal proteins, to the apicoplast appears to be largely independent of V ap . The functional role of V ap remains unclear. While they do not appear to contain luminal proteins, two findings link them with trafficking to the apicoplast. These are the visualization of apparent V ap fusions with the apicoplast by immunoelectron microscopy [23] and the demonstration that the same determinants required for routing the membrane protein APT1 to the apicoplast are also required for its recruitment to V ap [25] . Nonetheless, it remains possible that the primary function of V ap is not protein trafficking. The apicoplast sports four membranes, all of which need lipid building blocks for growth and replication. Although the lipid composition of the apicoplast membranes is unknown, filipin disrupts the outer membrane(s) [57] indicating the presence of high levels of sterols, which are acquired from the host cell [58] . The apicoplast itself synthesizes fatty acids; these are further elongated and incorporated into phospholipids in the ER [59] , and then by analogy with other plastids [60] , re-imported for use in plastid membranes. Plastid to ER transport occurs via acylcoAs rather than vesicular trafficking [60, 61] . In contrast ER to plastid lipid trafficking is proposed to occur via membrane interactions [62] . V ap may provide such a mechanism for bulk transport of sterols and elongated lipids from the ER to the apicoplast. Finally, the data are compatible with V ap being relatively persistent structures, only some of which may fuse with the apicoplast. In that case, a distinct Golgi-mediated pathway for routing membrane proteins might also be postulated.
Application of the DiCre system for expression of a toxic sar1 mutant protein
In transient transfections we observed that expression of sar1(H74L) slowed parasite replication such that stable lines expressing the protein could not be generated, necessitating a conditional approach. Several molecular genetic approaches have been developed that allow conditional gene expression to test gene function in T. gondii. These include regulated induction [63] or repression [64] of transcription by tetracycline and regulated degradation of proteins fused to destabilization domains by small molecules such as Shld [65] . More recently, the DiCre system was instituted in T. gondii, allowing the excision of gene sequences to examine gene function. The approach we used here is a modification of the latter, in which gene expression is induced by excising transcription termination sequences [66] . Such an approach is particularly useful when studying potentially toxic mutant proteins [67] , especially in cases where regulated degradation cannot be fully achieved. In our case, because excision induced by rapamycin is efficient in T. gondii, the majority of treated parasites expressed the tagged sar1 (or SAR1) allele and it was possible to examine the phenotype in the pool of cells. This adaptation may be useful for studying other proteins for which dominant negative alleles may be created.
Materials and Methods
Cell culture, molecular cloning and transfection Red plus ATrx1-HA or FtsH1 internally tagged with V5 epitopes were transiently transfected with either wt SAR1-GFP or sar1(H74L)-GFP and analyzed by IFA for the localization of the two ApV protein. Epitope tagged proteins were detected by mAbs reactive with the epitope tags followed by secondary antibodies coupled to DyLight 649. The fluorescent proteins were detected by endogenous fluorescence. Arrows point to V ap -like structures. Bar, 2 mM. B) Overexpression of sar1(H74L) abrogates localization of NST1. SAR1 and sar1(H74L) constructs were transiently transfected into T. gondii expressing NST1-HA and the samples analyzed as above. Note the reticular staining of NST1 following expression of the dominant negative protein. C) V ap are still present after induction of sar1(H74L) in stable transfectants. As described in Methods, parasites were stably transfected with constructs bearing sar1(H74L)-YFP or the wt SAR1-YFP that was separated from a promoter by RFP flanked by loxP sequences. Addition of rapamycin led to excision of the RFP sequence that separated and expression of the test proteins. After 11 hours YFP + parasites were scored for the presence or absence of V ap using mAb 11G8 which detects ATrx1 (followed by secondary antibody coupled to DyLight 350). doi:10.1371/journal.pone.0112096.g007
Vesicles Bearing Apicoplast Membrane Proteins not constitute human subjects research. This is in agreement with the U.S. Department of Health and Human Services (http:// www.hhs.gov/ohrp/sachrp/20110124attachmentatosecletter.html. Among the strains used were RH and its corresponding HXGPRT deletion strain [68] , plus derivatives expressing apicoplast proteins Cterminally tagged with four HA epitopes including ATrx1 (ToxoDB v.7.2 TGME49_312110) [23] , APT1 (TGME49_261070) [24] , and FtsH1 (TGME49_259260), which was additionally internally tagged with two V5 epitopes at residue 233 (FtsH1-V5 233 -HA) [21] . Some parasites also expressed Heteractis crispa red fluorescent protein HcRed bearing the ACP (TGME49_264080) signal plus transit sequences and tagged with V5 epitope ( S+T Red-V5). The two V5 tags (see [21] for sequence) were inserted into MunI and NdeI sites that had been added by site directed mutagenesis using 59 CCCGA-GAAGGCCAACCAATTGATACATATGTGACTGCAGCCC-ACACAG 39 and 59 CTGTGTGGGCTGCAGTCACATATG-TATCAATTGGTTGGCCTTCTCGGG 39. Expression of each of these proteins was driven by its cognate promoter. Tic22 (TGME49_286050) [19] was amplified from T. gondii RH strain cDNA using primers CTCAGATCTAAAATGGGCTTCAT-CGCTCTCCG and GTGCCTAGGTGCTTGTCCTTGATC-GTCGG, and cloned into a pGem shuttle vector. The relevant region was excised with BglII and XbaI and cloned into the plasmid pHX apt1:APT1-4HA that had been digested with BglII and AvrII to remove the APT1 coding sequence. The product yielded Tic22 Cterminally tagged with HA, with expression is driven by the APT1 promoter, which has similar kinetics. Der1ap (Genbank FJ976520) [19] , was similarly amplified using primers GTGCCATGGAAA-GAGGGGATTTTTTCTC and CACTCTAGAGCGTTTC-CAACGGCGTCCTCG, cloned into a pGem shuttle vector and then excised with NcoI and AvrII. The appropriate fragment was cloned into pHX ATrx1:ATrx1-4HA that had been digested with the same enzymes to remove the ATrx1 coding sequence. The resulting construct encoded Der1ap C-terminally tagged with HA, with its expression is driven by the ATrx1 promoter. GRASP55-HcRed was generated by replacing the YFP tag in pCAT GRASP55-YFP with the HcRed tag from pCAT ACP-HcRed, using AvrII and PstI. Other markers include S+T Red (untagged), the Golgi membrane protein NST1 (TGME49_267380) C-terminally tagged with HA [25] , the Golgi stacking protein GRASP55 (AF110267) fused to YFP [32, 69] or HcRed, and GFP used as a cytosolic marker. Expression of S+T Red and NST1 were driven by the DHFR promoter and expression of GRASP55-YFP, GRASP55-HcRed, and GFP was driven by the TubA promoter. Plasmids were transfected into T. gondii by electroporation and stable transfectants selected either with chloramphenicol or mycophenolic acid plus xanthine as previously described [24] , and clonal lines were isolated. Brefeldin A (Calbiochem) was used at a final concentration of 1 mg/ml, previously shown to be sufficient to block trafficking of the microneme protein MIC5.
The T. gondii small GTPase Sar1 (TGME49_215060) was amplified from oligo-dT primed cDNA using 59 ATCGAGATC-TAAAATGTTCGTCTTCAACTGGTTCTG 39 and 59 ATC-GCCTAGGGTTGAGGAACTGAGACAACCAAC 39 and cloned into pCAT GFP [70] cleaved with BglII and AvrII. Its expression is driven by the TubA promoter (TubA mRNA abundance and cell cycle kinetics are similar to that of SAR1). The H74L mutant was generated by site-directed mutagenesis using the pCAT Sar1-GFP plasmid as a template and primers: 59 TTCGATCTTGGGGGACTTGAAACAGCC 39 and 59 GGC-TGTTTCAAGTCCCCCAAGATCGAA 39. An apicoplast ''poison'' construct was kindly provided by Dr. Cynthia He. This plasmid encodes an apicoplast-targeted fusion protein that also contains sequences from the rhoptry protein Rhop1 (FNR-YFP-ROP1), and is identical to that previously used by He et al. [71] except that the apicoplast targeting sequence was derived from ferredoxin reductase rather than ACP. These plasmids were employed in transient transfections.
The plasmid ploxP-KillerRed-loxP-YFP, in which expression of Killer Red was driven by the Tub8 promoter, was a gift from Drs. Markus Meissner and Nicole Andenmatten [49] . It bears the selectable marker HXGPRT. The plasmid and was modified by inserting an XbaI restriction site upstream of YFP using the oligonucleotides lox-Xba-YFP 59 CATTATACGAAGTTA-TAAATCTAGAATGGTGAGTAAGGGCGAGGAG 39 and 59 CTCCTCGCCCTTACTCACCATTCTAGATTTATAACTT-CGTATAATG 39. A segment of genomic DNA downstream of the GRA3 locus was amplified from genomic DNA using primers Gra3-tub8 f 59 ATTGGGTACCGGGCCCTACGGTCTCC-TAGCTCCTTTG 39 and r 59 CGTCGAGGGGGGGCCGT-GAGAATCGTAGGTGCAGGTG 39, and inserted into the Apa1 site the plasmid by Gibson cloning. The coding regions of SAR1 and sar1(H74L) were amplified from the above pCAT plasmids using oligonucleotides P-lox-YFP-SAR1 f 59 CATTA-TACGAAGTTATAAATCTAGAATGTTCGTCTTCAACTG-GTTCTGG 39 and r 59 GCCCTTGCTCACCATTCTA-GAGTTGAGAAACTGAGACAACCAACG 39 and inserted into Xba1-digested plasmid using Gibson cloning. The SAR1 coding regions in the plasmids were verified by sequencing.
For transfections, 50 mg of each plasmid (pGra3-loxP-Killer red YFP vector and SAR1-YFP and sar1 (H74L)-YFP derivatives) were digested with PaeI and transfected into RH DKU80 DHXGPRT DiCre T. gondii and selected with mycophenolic acid and xanthine. Clonal cell lines were isolated by limiting dilution. Excision of the sequence separating the promoter from the SAR1/sar1 CDS was induced by 50 nM rapamycin in 0.1% DMSO. ATrx1 localization was categorized as plastid, plastid+ER or plastid+V ap based on the localization within the majority of parasites within a vacuole.
Pulse labeling, immunoprecipitation and immunoblot analysis
Fibroblast monolayers bearing T. gondii (approximately 10 8 ) were rinsed twice in medium lacking methionine and cysteine, with or without BFA. Intracellular parasites were labeled for 30 min with 100 mCi/ml [ 35 S] trans label (methionine and cysteine, MP Biomedicals, Irvine, CA and Perkin Elmer) as described, in the presence or absence of BFA [11] . Subsequently the labeling medium was replaced with complete medium and the incubation continued for the indicated times. The fibroblast layer was then scraped from the flask and cells were pelleted by centrifugation at 23006 g for 2 min. Pellets were lysed in 0.5 ml lysis buffer (150 mM NaCl, 50 mM TrisHCl pH 7.5, 2 mM EDTA, 1% NP-40, 0.25% deoxycholate, 1.7 mg/ml aprotinin, 5 mg/ml leupeptin, 1 mM pepstatin, 0.1 mM PMSF). FtsH1-V5 233 -HA and S+T Red-V5 were immunoprecipitated using mouse anti-V5 mAb (Invitrogen), and ATrx1-HA was immunoprecipitated with anti-HA mAb. GFP and MIC5 were immunoprecipitated with anti-GFP B2 (Santa Cruz Biotechnology), and rabbit anti-MIC5 (gift of Dr. Vern Carruthers) respectively. Immune complexes were collected with Protein G coupled to magnetic beads (Invitrogen). The washed immune complexes were separated by SDS-PAGE, transferred to nitrocellulose membranes. Radiolabeled proteins were detected by phosphorimaging using a Storm 860 (Molecular Dynamics).
Immunoprecipitated samples or total cell lysates (approximately 10 7 parasites) were used for immunoblot analyses. After blocking in Odyssey block (LI-COR Biosciences), blots were probed with mouse anti-V5 mAb at 0.5 mg/ml (Invitrogen), rabbit anti-GFP at 0.2 mg/ml (Invitrogen) and rabbit anti-MIC5 at a 1:10,000 dilution. This was followed by goat anti-mouse Ig coupled to IRDye 800 (1:10,000, LI-COR) or goat anti-rabbit Ig coupled to IRDye 680 (1:10,000, LI-COR). Membranes were scanned using an Odyssey infrared imaging system (LI-COR) and analyzed using the system software.
Microscopy
For IFAs, parasites were grown overnight unless otherwise noted within fibroblasts monolayers on coverslips. IFAs were performed as described [24] . V5 tags were detected using mouse anti-V5 mAb IgG2a at 1 mg/ml (Invitrogen), followed by goat anti-mouse IgG2a FITC, goat anti-mouse IgG2a Texas Red, (Southern Biology), or goat anti-mouse IgG DyLight 649 (Thermo Scientific), all at 2 mg/ml. FtsH1-V5 233 -HA was always detected using anti-V5 mAb. ATrx1 and APT1 were detected by virtue of the HA tags, using FITC-coupled rat anti-HA mAb 3F10, 3 mg/ ml (Roche), or anti-HA mAb16B12 (Covance) followed by goat anti-mouse IgG DyLight 649. ATrx1 was also detected by mAb 11G8 [72, 73] , a kind gift from Peter Bradley) followed by goat anti-mouse IgG Dylight 350 (Thermo Scientific). Markers for the apicoplast lumen included the naturally biotinylated apicoplast luminal protein acetyl coA carboxylase revealed by Texas Red or Alexa 680 coupled streptavidin (Invitrogen, 1 mg/ml) [74] , and S+T Red or S+T Red-V5 [70] . Rabbit anti-MIC5 was used at a 1:500 dilution, rabbit anti-Trypanosoma brucei BiP (which cross-reacts with T.gondii BiP, gift of Dr. Jay Bangs) at a 1:200 dilution [46] and 4,6-diamidino-2-phenylindole (DAPI) was used to stain the DNA. A Deltavision RT deconvolution microscope with an Olympus UPlan/Apo 1006 1.35 NA objective was used to view the slides. Images were deconvolved using softWoRx (version 3.5.1) using standard parameters and a conservative ratio algorithm. Single deconvolved planes are shown except as described below.
Image quantitation
To quantify relative fluorescence in vesicles or adjacent regions versus in the apicoplast, the softWoRx ''quick projection sum'' tool was used to generate a 2-D image showing the summed fluorescence at each pixel from each plane of the 3-D image; the resulting image was then converted to a TIFF file for further analysis. Using Metamorph software, three ovals of 30 pixels each were placed in each subcellular region analyzed: the apicoplast region defined by S+T Red-V5 (Cy5 channel) and ATrx1-HA (FITC channel), vesicle regions (defined by ATrx1 punctate signal), and adjacent regions (areas next to ATrx1 vesicle regions). Average fluorescence per oval in both FITC and Cy5 channels was calculated and summed for each region (90 pixels) in each parasite. Ten parasites from separate vacuoles were analyzed. Background was calculated by placing all nine ovals on images of the apical end of co-cultured RH parasites (which do not express either tagged protein) and the corresponding average fluorescence per 90 pixels was calculated for each channel, averaged over four parasites.
To assess potential localization of ApV proteins in the Golgi body, images from treated and non-treated samples were scaled equally and colocalization of organellar markers was examined in all image planes. Individual parasites were scored as having abutting/partial overlap if regions of two or more pixels wide in each channel overlapped in two or more focused image planes. S+T Red and either Tic22-HA or Der1-HA T. gondii within fibroblasts were processed for IFA and stained for ATrx1 (using mAb 11G8 followed by antimouse IgG coupled to DyLight 649) and for Tic22-HA or Der1-HA (using rat anti-HA mAb coupled to FITC). Slides were costained with DAPI. The apicoplast luminal marker Figure S4 Localization of SAR1-GFP and sar1(H74L)-GFP in T. gondii. The constructs were transiently transfected into T. gondii expressing GRASP55-HcRed. After 11 hours, the samples were fixed and subjected to IFA, comparing the localization of SAR1 and sar1(H74L) (endogenous green fluorescence) to GRASP55 and BiP, an ER marker protein detected anti-T. brucei BiP followed by anti-rabbit IgG coupled to Alexa 680. Arrow marks colocalization of sar1(H74L)-GFP and GRASP55. This particular cell has duplicated its Golgi body. ''H'' marks a host cell nucleus. Bar, 2 mM. + /RFP 2 , whereas those expressing sar1(H74L)-YFP did not survive and were outgrown by the minority population that had not excised the RFP coding sequence (n.200 vacuoles for each time point). D) The conditionally expressed mutant sar1(H74L) disrupts the Golgi body. The SAR1/sar1 clonal parasite lines were transiently transfected with NST1-HA and after 15 hours rapamycin was added. Parasites were analyzed 11 hours later and representative examples are shown. Blind analysis indicated that NST1-HA was localized to the Golgi body in 95% of parasites expressing SAR1-YFP, but was redistributed to the ER in 81% of those parasites expressing sar1(H74L). E) V ap persist in parasites expressing dominant negative sar1(H74L). Expression of wt or mutant SAR1 was induced by the addition of rapamycin and after 11 hours parasites were analyzed. Representative images are shown, detecting the ApV protein ATrx1 with mAb 11G8 and the apicoplast lumen with streptavidin as described in Methods. (TIF) 
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